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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The exploration of fatigue mechanisms in the VHCF regime is gaining importance since many components have to withstand a 
very high number of loading cycles due to high frequency or long product life. In this regime, the period of fatigue crack 
initiation and thus the localization of plastic deformation play an important role. The material that was investigated in this study 
is the metastable austenitic stainless steel AISI 304 in the initially purely austenitic condition. The experimental investigations 
during quasi-isothermal fatigue tests revealed that a moderate increase of temperature from room temperature up to 150°C led to 
a reduced VHCF strength. At both temperatures the 304 grade still undergoes a pronounced localization of plastic deformation in 
shear bands accompanied by a deformation-induced martensitic phase transformation from the γ-austenite to the α’-martensite 
during VHCF loading. In the present study, the experimental study is extended by modeling and simulation of the relevant 
temperature-dependent VHCF deformation mechanisms in order to provide a more profound understanding of the observed 
cyclic deformation. For this purpose, two-dimensional (2-D) morphologies of microstructures are modeled in the mesoscopic 
scale by the use of the boundary element method (BEM), and cyclic plastic deformation is considered by certain mechanisms 
defined in a simulation model. It describes the localization of plastic deformation in shear bands taking into account the 
formation, plastic sliding deformation and cyclic slip irreversibility of each shear band. The deformation-induced martensitic 
phase transformation is represented by introducing martensitic nuclei into the modeled microstructure depending on the plastic 
deformation in shear bands. The influence of temperature is incorporated into the simulation model by the use of empirical data 
and a kinetic model, each related to the tensile test. The simulated cyclic deformation and phase transformation is compared to 
experimental observations and allows for assessing the individual influence of deformation mechanisms on the temperature-
dependent fatigue behavior. Finally, a temperature-independent ‘limit curve’ for the accumulated irreversible plastic sliding 
deformation regarding failure in the VHCF regime is proposed.  
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Abstract 
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is the metastable austenitic stainless steel AISI 304 in the initially urely austenitic condition. The experimental investigations 
during quasi-isothermal fatigue tests rev aled that a moderate increase of temperature from r om temperature up to 150°C led to 
a reduced VHCF strength. At both temp ratures the 304 gr de still undergoes a pronounced l calization of plastic deformation in 
shear bands accompanied by a defor ation-induc d martensitic phase transformati n from the γ-austenite to the α’-martensite 
during VHCF l ading. In the pr sent study, the xperimental study is extended by m deling and simulation of the relevant 
temperature-depen ent VHCF deformation mechanisms in order to provid  a more pr fou d u erstanding of the obs rved 
cyclic deformation. For this purpose, tw -di ensional (2-D) morphologies of icrostructures are modeled in the mesoscopic 
scale by the use of the boundary el ment method (BEM), and cyclic plastic deformation is considered by certain mechanisms 
defined in a simulation mo el. It describes the localizatio  of plastic deformation in shear bands taking into accou t the 
formation, plastic slidi g deformation and cyclic slip irreversibility of each she r band. The deformation-induced martensitic 
phase transformation is represented by i troducing martensitic nuclei into t e modeled microstructure depending on the plasti  
deformation in shear bands. The influence f temperatur  is incorporated into the simulation model by the use of empirical data 
and a kinetic model, e ch relat d to the t nsile test. The simulated cyclic deformation and phase transformation is compare  to 
experimental observations and allows for ass ssing t  individual influence of deformation mechanisms on the temperature-
de ndent fatigu  behavior. Finally, a temperature-independent ‘limit curve’ for the accumulated irreversible plastic sliding 
formation re arding failure in the VHCF regime is propose .  
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1. Introduction  
Many structural components such as railway wheelsets and automotive rolling bearings are cyclically loaded up 
to a very high number of loading cycles beyond 107. Although many alloys undergo fatigue failure above 107 cycles 
(Bathias 1999), the classical durability limit is still mostly based on fatigue tests between 106 and 107 cycles. 
Therefore, the exploration of very high cycle fatigue (VHCF) behavior is of particular importance and has become a 
subject of growing interest in research today. 
In the present study the VHCF deformation mechanisms of a metastable austenitic stainless steel (AISI 304) 
considering the influence of a moderate temperature increase is investigated by the use of material modeling and 
simulation. Based on experimental observations (shown in section 2) a simulation model is proposed that can 
describe the characteristic deformation mechanisms in the mesoscopic scale (see section 3). After introducing the 
boundary element method for solving numerically the model, simulations of cyclic plastic deformation within 2-D 
morphologies of microstructures are carried out and results are compared to experimental observations. 
2. Experimental results 
Fatigue tests on a resonant testing machine (stress ratio R=-1) led to the observation that AISI 304 in the initially 
purely austenitic condition (without predeformation) has a VHCF strength of about 240 MPa at room temperature 
(25°C, up to 109 cycles) and a reduced value of about 190 MPa at 150°C (up to 107 cycles). Efforts were made to 
keep the specimen temperature approximately constant during fatigue tests by cooling with a fan in case of room 
temperature and continuous heating with a heating coil at the elevated temperature of 150°C. In this study, primarily 
the fatigue behavior of AISI 304 at 25°C (case I) and at 150°C (case II) at the respective VHCF loading are 
compared. Investigations by means of a confocal laser microscope revealed a strong localization of plastic 
deformation in shear bands during fatigue. Fig. 1a and b show emerging slip markings on the specimen surfaces and 
indicate that in case I (Fig. 1a) and in case II (Fig. 1b) the plastic deformation extended to more or less the same 
progress after about 107 cycles. 
 
 
Fig. 1. (a) Confocal laser microscope image of the fatigued specimen surface of AISI 304 at 25°C and loading amplitude Δσ/2=240 MPa after 
2·107 cycles and (b) at 150°C and loading amplitude Δσ/2=190 MPa after 107 cycles. 
The global α’-martensite content measured by a feritscope in the fatigued volume of the specimens continuously 
increased during fatigue loading and reached a saturated value of about 4% in case I and about 2.75% in case II after 
107 cycles. Based on the aforementioned experimental results and further results (Grigorescu et al. 2016), in the 
following section a simulation model is proposed that takes into account the deformation mechanisms of the 
metastable austenitic stainless steel under influence of a moderate temperature increase. 
3. Simulation Model  
In this study, the fundamental idea is to represent the relevant cyclic plastic deformation within 2-D morphologies 
of microstructures in the mesoscopic scale and validate the results with experimental data. A microstructure is 
modelled by a continuum mechanical approach with considering the individual orientation of each grain and the 
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1. Introduction  
Many structural components such as railway wheelsets and automotive rolling bearings are cyclically loaded up 
to a very high number of loading cycles beyond 107. Although many alloys undergo fatigue failure above 107 cycles 
(Bathias 1999), the classical durability limit is still mostly based on fatigue tests between 106 and 107 cycles. 
Therefore, the exploration of very high cycle fatigue (VHCF) behavior is of particular importance and has become a 
subject of growing interest in research today. 
In the present study the VHCF deformation mechanisms of a metastable austenitic stainless steel (AISI 304) 
considering the influence of a moderate temperature increase is investigated by the use of material modeling and 
simulation. Based on experimental observations (shown in section 2) a simulation model is proposed that can 
describe the characteristic deformation mechanisms in the mesoscopic scale (see section 3). After introducing the 
boundary element method for solving numerically the model, simulations of cyclic plastic deformation within 2-D 
morphologies of microstructures are carried out and results are compared to experimental observations. 
2. Experimental results 
Fatigue tests on a resonant testing machine (stress ratio R=-1) led to the observation that AISI 304 in the initially 
purely austenitic condition (without predeformation) has a VHCF strength of about 240 MPa at room temperature 
(25°C, up to 109 cycles) and a reduced value of about 190 MPa at 150°C (up to 107 cycles). Efforts were made to 
keep the specimen temperature approximately constant during fatigue tests by cooling with a fan in case of room 
temperature and continuous heating with a heating coil at the elevated temperature of 150°C. In this study, primarily 
the fatigue behavior of AISI 304 at 25°C (case I) and at 150°C (case II) at the respective VHCF loading are 
compared. Investigations by means of a confocal laser microscope revealed a strong localization of plastic 
deformation in shear bands during fatigue. Fig. 1a and b show emerging slip markings on the specimen surfaces and 
indicate that in case I (Fig. 1a) and in case II (Fig. 1b) the plastic deformation extended to more or less the same 
progress after about 107 cycles. 
 
 
Fig. 1. (a) Confocal laser microscope image of the fatigued specimen surface of AISI 304 at 25°C and loading amplitude Δσ/2=240 MPa after 
2·107 cycles and (b) at 150°C and loading amplitude Δσ/2=190 MPa after 107 cycles. 
The global α’-martensite content measured by a feritscope in the fatigued volume of the specimens continuously 
increased during fatigue loading and reached a saturated value of about 4% in case I and about 2.75% in case II after 
107 cycles. Based on the aforementioned experimental results and further results (Grigorescu et al. 2016), in the 
following section a simulation model is proposed that takes into account the deformation mechanisms of the 
metastable austenitic stainless steel under influence of a moderate temperature increase. 
3. Simulation Model  
In this study, the fundamental idea is to represent the relevant cyclic plastic deformation within 2-D morphologies 
of microstructures in the mesoscopic scale and validate the results with experimental data. A microstructure is 
modelled by a continuum mechanical approach with considering the individual orientation of each grain and the 
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elastic and plastic anisotropic properties. The cyclic loading is applied by a quasi-static approach in which the 
external loading is sampled and for each sample a static calculation is carried out by the use of a numerical method 
(section 4). During each static calculation the mechanisms of plastic deformation in shear bands and of deformation-
induced martensitic phase transformation are iteratively adjusted within the microstructure.  
The proposed mechanism of shear band evolution and martensitic transformation without the influence of 
temperature has been thoroughly described in a recently submitted paper (Hilgendorff et al. 2016). In the following, 
the mechanisms are shortly reviewed and extended regarding the influence of a moderate temperature increase.  
It is assumed that a shear band is formed in the microstructure once the critical resolved shear stress τc in the most 
critical slip system is exceeded. Inspired by the models of Tanaka & Mura (1981) and Lin (1992) a shear band is 
represented by two closely located layers in the 2-D plane (s. Fig. 2a). In these layers ideal-plastic sliding 
deformation occurs in the relevant three-dimensional fcc slip system once the shear stress in the corresponding slip 
system exceeds the flow stress τF. In addition, it is prescribed in the model that during forward loading the sliding is 
only allowed to develop in one layer and during reverse loading in the other layer (Tanaka & Mura 1981, Lin 1992). 
By doing so, an irreversible fraction p of the previous sliding can be considered on the layer which is inactive during 
each loading half cycle. The cyclic slip irreversibility p defines the fraction of plastic sliding that is irreversible in a 
microstructural sense (Mughrabi 2009). Dislocation hardening is taken into account by increasing the flow stress τF 
depending on the previously evolved sliding deformation. In case of the metastable austenitic stainless steel with its 
planar slip character (low stacking fault energy) the flow stress τF is chosen to be smaller than the critical resolved 
shear stress τc because it is assumed that after formation of a shear band the barrier function within the corresponding 
shear planes is weakened by initial dislocations (here called ‘short range order effect’). 
Basically, due to thermal activation the increase of temperature leads to a facilitated overcoming of 
microstructural barriers by dislocations. In the aforementioned model the effect of dislocation barriers is described 
by the values of the critical resolved shear stress τc and the flow stress τF. In a simplified approach, these stresses are 
modified according to the change of yield strength Re measured during tensile tests at different temperatures (s. Fig. 
2b, Byun et al. 2004). For this purpose, the variation of yield strength in Fig. 2b is standardized to the value of yield 
strength at room temperature (s. parameter VT on the right hand scale in Fig. 2b) and the resulting curve is 
approximated by Eq. 1. The parameter VT is then applied to the values of τc and τF at room temperature (s. Eq. 2), 
which then provides the temperature-dependent stresses τc* and τF* that are used in the model. The temperature 
dependence of plastic deformation is fully described by the three material specific parameters η1, η2, η3 in Eq. (1). 
The used model parameters characterizing the plastic deformation in AISI 304 are τc=70 MPa, τF=50 MPa, p=2·10-6, 
η1=0.67, η2=0.0087, η3=0.43, whereby the values of τc, τF and p are discussed in Hilgendorff et al. (2016). 
 
 
Fig. 2. (a) Representation of a shear band by two closely located layers; (b) temperature dependence of the yield strength Re of AISI 304 
measured in tensile tests (Byun et al. 2004, strain rate  =10-3 s-1) with indication of the parameter VT and related material specific parameters η1, 
η2 and η3; (c) parameters α and P describing the influence of temperature on the deformation-induced martensitic transformation. 
1 2 3expTV ( T )          (1) 
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*
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Apart from a surface roughening by shear bands, the material AISI 304 also undergoes deformation-induced 
martensitic transformation (from γ to α’) at intersecting shear bands in the VHCF regime (Grigorescu et al. 2016). 
According to the models of Bogers & Burgers (1964) and Olsen & Cohen (1972), in the present study martensite is 
emerging in the microstructure once plastic shear deformation occurs simultaneously in two slip systems that are 
compatible to the two characteristic Bogers and Burgers shears. One of the two shears emerges from the modeled 
shear bands by means of the previously described shear band model (only single slip allowed). The other shear in the 
second slip system is analytically computed with the use of the theory of continuously distributed dislocations (Head 
& Louat 1955). Hence, the size AM of a generated martensite domain is determined depending on the amount of 
simulated shear deformation in both slip systems. Each martensite nucleus is directly included into the modeled 
microstructure as an independent domain. The transformation-induced volume expansion in terms of the strains εM 
within the domain is characterized by calculation of the true shape deformation as a result of both participating shear 
deformations (Hilgendorff et al. 2015).  
It is well known from the literature and experimental observations confirmed that the martensitic transformation 
process depends on temperature. In the kinetic model of Olsen & Cohen (1975) the effect of temperature on the 
deformation-induced martensitic transformation is characterized through a parameter α describing the influence of 
stacking fault energy and through a parameter P, which is the probability that a shear band intersection will generate 
a martensite embryo (chemical driving force). These two parameters are multiplied by the change of plastic strain 
that determines the change of martensite volume fraction. According to the model of Olsen & Cohen (1975) in the 
present study the parameters α and P are used to modify the size AM of modeled martensite domains (Eq. 3). Hence, 
AM* is the temperature-dependent size of a martensite domain and allows to consider the effect of temperature in the 
model. The variation of the parameter α and P used in this study is given in Fig. 2c depending on the temperature T. 
α is determined according to a phenomenological law proposed in Zaera et al. (2010) and P is calculated by a 
Gaussian cumulative probability distribution function (Stringfellow et al.1992).  
M M
*A A P       (3) 
After the mechanisms of plastic deformation in shear bands and deformation-induced martensitic transformation 
have now been introduced and extended regarding the influence of temperature, in the following the numerical 
method is presented. 
4. Numerical Method 
The calculation of stresses and displacements within the modeled microstructures is carried out by using the 2-D 
boundary element method (BEM). The method is well suited to investigate the effect of the proposed simulation 
model because the representation of sliding deformation can be easily realized and the meshing is only confined to 
boundaries such as grain or phase boundaries and shear bands. The influence of temperature is limited to the 
simulation model and thus not explicitly considered in the numerical method.  
The BEM used in this study is based on two boundary integral equations: the displacement boundary integral 
equation, which is applied on the external boundary Γb (grain and phase boundaries), and the stress boundary 
integral equation, which is used on the slip line face Γs (shear bands). On the external boundary Γb, displacements 
and tractions with components ui and ti are prescribed, while relative displacements Δui and stresses σiα are 
considered on one face Γs of the slip line. The displacement integral equation for a solid containing a shear line can 
be written as: 




b                
* * *
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*
ij i x
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elastic and plastic anisotropic properties. The cyclic loading is applied by a quasi-static approach in which the 
external loading is sampled and for each sample a static calculation is carried out by the use of a numerical method 
(section 4). During each static calculation the mechanisms of plastic deformation in shear bands and of deformation-
induced martensitic phase transformation are iteratively adjusted within the microstructure.  
The proposed mechanism of shear band evolution and martensitic transformation without the influence of 
temperature has been thoroughly described in a recently submitted paper (Hilgendorff et al. 2016). In the following, 
the mechanisms are shortly reviewed and extended regarding the influence of a moderate temperature increase.  
It is assumed that a shear band is formed in the microstructure once the critical resolved shear stress τc in the most 
critical slip system is exceeded. Inspired by the models of Tanaka & Mura (1981) and Lin (1992) a shear band is 
represented by two closely located layers in the 2-D plane (s. Fig. 2a). In these layers ideal-plastic sliding 
deformation occurs in the relevant three-dimensional fcc slip system once the shear stress in the corresponding slip 
system exceeds the flow stress τF. In addition, it is prescribed in the model that during forward loading the sliding is 
only allowed to develop in one layer and during reverse loading in the other layer (Tanaka & Mura 1981, Lin 1992). 
By doing so, an irreversible fraction p of the previous sliding can be considered on the layer which is inactive during 
each loading half cycle. The cyclic slip irreversibility p defines the fraction of plastic sliding that is irreversible in a 
microstructural sense (Mughrabi 2009). Dislocation hardening is taken into account by increasing the flow stress τF 
depending on the previously evolved sliding deformation. In case of the metastable austenitic stainless steel with its 
planar slip character (low stacking fault energy) the flow stress τF is chosen to be smaller than the critical resolved 
shear stress τc because it is assumed that after formation of a shear band the barrier function within the corresponding 
shear planes is weakened by initial dislocations (here called ‘short range order effect’). 
Basically, due to thermal activation the increase of temperature leads to a facilitated overcoming of 
microstructural barriers by dislocations. In the aforementioned model the effect of dislocation barriers is described 
by the values of the critical resolved shear stress τc and the flow stress τF. In a simplified approach, these stresses are 
modified according to the change of yield strength Re measured during tensile tests at different temperatures (s. Fig. 
2b, Byun et al. 2004). For this purpose, the variation of yield strength in Fig. 2b is standardized to the value of yield 
strength at room temperature (s. parameter VT on the right hand scale in Fig. 2b) and the resulting curve is 
approximated by Eq. 1. The parameter VT is then applied to the values of τc and τF at room temperature (s. Eq. 2), 
which then provides the temperature-dependent stresses τc* and τF* that are used in the model. The temperature 
dependence of plastic deformation is fully described by the three material specific parameters η1, η2, η3 in Eq. (1). 
The used model parameters characterizing the plastic deformation in AISI 304 are τc=70 MPa, τF=50 MPa, p=2·10-6, 
η1=0.67, η2=0.0087, η3=0.43, whereby the values of τc, τF and p are discussed in Hilgendorff et al. (2016). 
 
 
Fig. 2. (a) Representation of a shear band by two closely located layers; (b) temperature dependence of the yield strength Re of AISI 304 
measured in tensile tests (Byun et al. 2004, strain rate  =10-3 s-1) with indication of the parameter VT and related material specific parameters η1, 
η2 and η3; (c) parameters α and P describing the influence of temperature on the deformation-induced martensitic transformation. 
1 2 3expTV ( T )          (1) 
c c
*
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Apart from a surface roughening by shear bands, the material AISI 304 also undergoes deformation-induced 
martensitic transformation (from γ to α’) at intersecting shear bands in the VHCF regime (Grigorescu et al. 2016). 
According to the models of Bogers & Burgers (1964) and Olsen & Cohen (1972), in the present study martensite is 
emerging in the microstructure once plastic shear deformation occurs simultaneously in two slip systems that are 
compatible to the two characteristic Bogers and Burgers shears. One of the two shears emerges from the modeled 
shear bands by means of the previously described shear band model (only single slip allowed). The other shear in the 
second slip system is analytically computed with the use of the theory of continuously distributed dislocations (Head 
& Louat 1955). Hence, the size AM of a generated martensite domain is determined depending on the amount of 
simulated shear deformation in both slip systems. Each martensite nucleus is directly included into the modeled 
microstructure as an independent domain. The transformation-induced volume expansion in terms of the strains εM 
within the domain is characterized by calculation of the true shape deformation as a result of both participating shear 
deformations (Hilgendorff et al. 2015).  
It is well known from the literature and experimental observations confirmed that the martensitic transformation 
process depends on temperature. In the kinetic model of Olsen & Cohen (1975) the effect of temperature on the 
deformation-induced martensitic transformation is characterized through a parameter α describing the influence of 
stacking fault energy and through a parameter P, which is the probability that a shear band intersection will generate 
a martensite embryo (chemical driving force). These two parameters are multiplied by the change of plastic strain 
that determines the change of martensite volume fraction. According to the model of Olsen & Cohen (1975) in the 
present study the parameters α and P are used to modify the size AM of modeled martensite domains (Eq. 3). Hence, 
AM* is the temperature-dependent size of a martensite domain and allows to consider the effect of temperature in the 
model. The variation of the parameter α and P used in this study is given in Fig. 2c depending on the temperature T. 
α is determined according to a phenomenological law proposed in Zaera et al. (2010) and P is calculated by a 
Gaussian cumulative probability distribution function (Stringfellow et al.1992).  
M M
*A A P       (3) 
After the mechanisms of plastic deformation in shear bands and deformation-induced martensitic transformation 
have now been introduced and extended regarding the influence of temperature, in the following the numerical 
method is presented. 
4. Numerical Method 
The calculation of stresses and displacements within the modeled microstructures is carried out by using the 2-D 
boundary element method (BEM). The method is well suited to investigate the effect of the proposed simulation 
model because the representation of sliding deformation can be easily realized and the meshing is only confined to 
boundaries such as grain or phase boundaries and shear bands. The influence of temperature is limited to the 
simulation model and thus not explicitly considered in the numerical method.  
The BEM used in this study is based on two boundary integral equations: the displacement boundary integral 
equation, which is applied on the external boundary Γb (grain and phase boundaries), and the stress boundary 
integral equation, which is used on the slip line face Γs (shear bands). On the external boundary Γb, displacements 
and tractions with components ui and ti are prescribed, while relative displacements Δui and stresses σiα are 
considered on one face Γs of the slip line. The displacement integral equation for a solid containing a shear line can 
be written as: 
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and the stress boundary integral equation is obtained by substituting equation (3) into Hooke's law: 
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cij equals 0.5 when Γb is smooth and Ciαsλ and nα are the elasticity tensor and outward unit normal vector, 
respectively. Vector y denotes the positions, where displacements are determined, and x denotes the integration 
points on the boundaries Γb and Γs. The variables marked with an asterisk are fundamental solutions for linear elastic 
anisotropic solids and are given in Hilgendorff et al. (2013). In case of the polycrystalline microstructure the 
substructure technique is applied which enables coupling of individual homogeneous structures (grains, phases) by 
use of continuity conditions (Kübbeler et al. 2011). Finally, a 2-D microstructure consisting of austenite grains and 
martensite domains with individual elastic properties and prescribed transformation-induced volume expansions can 
be represented. The use of elastic anisotropic fundamental solutions allows the computation of sliding deformations 
within shear bands in real 3-D slip directions due to generalized plane stress condition.  
5. Simulation of temperature-dependent VHCF deformation behavior 
The implementation of the simulation model into the BEM enables the simulation of the cyclic deformation 
behavior within 2-D microstructures. In a first study, an idealized microstructure with hexagonal grain geometry and 
random crystallographic orientation in each grain was considered (s. Fig. 3a). Plastic deformation and martensitic 
transformation was confined to the center grain and cyclic simulations were carried out with an external alternating 
loading of Δσ/2=240 MPa and at different temperatures: 25°C (RT), 55°C, 90°C and 150°C. In Fig. 3b and c the 
martensite area fraction Aα’ and the total irreversible sliding surface ASB, respectively, is illustrated over simulated 
loading cycles Nsim. ASB was calculated as the sum of the integrals over the sliding deformations along the layers of 
all modeled shear bands. Basically, the curves are showing that the simulated martensite area fraction Aα’ in Fig. 3b 
and the irreversible plastic deformation in shear bands – expressed by the sliding surface ASB in Fig. 3c – is growing 
with increasing number of loading cycles. Moreover, Fig 3b indicates that a moderate rise of temperature from RT 
to 55°C yields a reduced martensitic transformation. In case of 90°C and 150°C the model pretends such a strong 
reduction of transformation that in the simulation the martensite phase was no longer generated. Therefore, the 
corresponding curves are missing in Fig. 3b. In view of the modeled shear bands the increase of temperature from 
RT up to 150°C leads to a continuously increase of irreversible plastic slide deformation (s. Fig. 3c). At RT and 
55°C the presence of martensite domains (s. Fig. 3b) caused a blocking of modeled shear bands and therefore the 
plastic deformation was hindered, resulting in a stagnating increase in Fig. 3c.  
Finally, the study presented shows that with increasing temperature the irreversible plastic deformation is 
enhanced and the martensitic transformation with its positive barrier effect is reduced. Since the irreversible plastic 
deformation is accepted as the decisive driving force of fatigue crack initiation (Mughrabi 2009), the rise of 
temperature leads to a more and more critical state regarding material failure. This is consistent with the 
experimentally observed reduction of VHCF strength from Δσ/2≈240 MPa at RT down to Δσ/2≈190 MPa at 150°C. 
The experimental observations revealed that at 150°C after 107 cycles with Δσ/2=190 MPa a remarkable amount 
of global α’-martensite content exists (only about 30% smaller compared to RT with Δσ/2=240 MPa). This is in 
contrast to the results in Fig. 3b. Therefore, it is concluded that the effect of temperature on the deformation-induced 
martensitic transformation during cyclic loading at very low stress amplitudes (VHCF) cannot be described by the 
used kinetic model based on tensile tests (s. section 3). The modeled temperature dependence of plastic deformation 
in shear bands is still obeyed because it is supposed that through the mechanisms of dislocation hardening and slip 
irreversibility during cyclic simulation the influence of fatigue is sufficiently represented. At this point it has to be 
reminded, that the temperature dependence of martensitic transformation in this study is only related to the 
transformation process itself, e. g. depending on stacking fault energy and chemical driving force but independent 
on the amount of upcoming plastic deformation.  
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Fig. 3. (a) geometry of an idealized microstructure; (b) simulated martensite area fraction Aα’ and (c) simulated total irreversible sliding surface 
ASB for different modeled temperatures. 
Next, the morphology of a real 2-D microstructure of AISI 304 was investigated. The scanning electron 
microscopy (SEM) image and the phase map are shown in Fig. 4a and b after 2·107 cycles at RT. The SEM image 
highlights markings of emerging slip bands at the surface after cyclic loading and the phase map indicates sites of 
generated martensite domains during VHCF.  
In the simulation, at this time, the temperature dependence of martensitic transformation was directly adjusted to 
experimental results in terms of the measured martensite area fraction in the phase map. Furthermore, the influence 
of cyclic slip irreversibility, cyclic hardening and the martensitic transformation rate per simulated loading cycle 
were increased in order to satisfy the true cyclic deformation of many experimental cycles within a significantly 
lower number of simulated cycles keeping the computational effort on a reasonable level (for details see Hilgendorff 
et al. 2016). This adaptation allows to represent a loading cycle of about 2·106 in real fatigue tests already after 20 
simulated loading cycles (Fig. 4g indicates the relationship by different scales at the top and at the bottom).  
Figs. 4c-h show the contours of simulated shear stresses τMRSS in most critical slip systems of the modeled 
microstructure after the first and the 10th simulated loading cycles for two different configurations: on the one hand 
the simulation was carried out at RT with an external loading of Δσ/2=240 MPa (Figs. 4c-d, case I) and on the other 
hand at a temperature of 150°C and Δσ/2=190 MPa (Figs. 4e-f, case II). These two configurations reflect the 
conditions at the VHCF strength. Modeled shear bands are emphasized by thin lines which were colored from white 
to black, depending upon the amount of plastic sliding deformation that occurred in the shear band layers. The 
martensitic transformation is recognizable by distinctive shear stress peaks due to transformation-induced volume 
expansion around the generated martensite nuclei. The simulated results show good agreement with experimental 
observations (compare slip systems and sites of martensitic generation in Fig. 4a-b and Fig. 4c-f). This comparison 
is stated out in detail in (Hilgendorff et al. 2016) for temperature-independent simulations.  
The increase of martensite area fraction with simulated loading cycles arises from Fig. 4g for both configurations 
(I and II). As mentioned above, the martensitic transformation at 150°C has been adjusted to experimental 
observations leading to a reduction of 30% compared to RT. In Fig. 4h the irreversible sliding area ASB is illustrated. 
The curves of ASB for both simulations shown in Fig. 4c-d (I) and e-f (II) approximately lie on top of each other. 
This result has to be emphasized, because it suggests the assumption that a common and temperature-independent 
’limit curve’ of accumulated irreversible plastic sliding deformation exists at the VHCF strength. If the irreversible 
plastic deformation is greater, material failure is expected to occur before reaching the VHCF regime. This is 
confirmed by the additionally shown curve of another simulation at 150°C and Δσ/2=240 MPa (III) lying above the 
‘limit curve’. For this case, also in the experiment no VHCF strength could be evidenced. On the other hand, if the 
curve of irreversible plastic deformation stays below the ‘limit curve’, fatigue endurance is expected. This is shown 
by curve IV representing the uncritical simulation at RT and Δσ/2=190 MPa. 
It has to be mentioned, that the modeling and simulation strategy carried out in this work involves some obvious 
simplifications. For instance, the microstructure is represented in the 2-D plane and each shear band is 
approximation by two closely located layers in which plastic deformation occurs. Moreover, the simulated cycles 
are limited due to computational effort. However, in contrast to other approaches such as the atomistic simulation, 
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and the stress boundary integral equation is obtained by substituting equation (3) into Hooke's law: 
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cij equals 0.5 when Γb is smooth and Ciαsλ and nα are the elasticity tensor and outward unit normal vector, 
respectively. Vector y denotes the positions, where displacements are determined, and x denotes the integration 
points on the boundaries Γb and Γs. The variables marked with an asterisk are fundamental solutions for linear elastic 
anisotropic solids and are given in Hilgendorff et al. (2013). In case of the polycrystalline microstructure the 
substructure technique is applied which enables coupling of individual homogeneous structures (grains, phases) by 
use of continuity conditions (Kübbeler et al. 2011). Finally, a 2-D microstructure consisting of austenite grains and 
martensite domains with individual elastic properties and prescribed transformation-induced volume expansions can 
be represented. The use of elastic anisotropic fundamental solutions allows the computation of sliding deformations 
within shear bands in real 3-D slip directions due to generalized plane stress condition.  
5. Simulation of temperature-dependent VHCF deformation behavior 
The implementation of the simulation model into the BEM enables the simulation of the cyclic deformation 
behavior within 2-D microstructures. In a first study, an idealized microstructure with hexagonal grain geometry and 
random crystallographic orientation in each grain was considered (s. Fig. 3a). Plastic deformation and martensitic 
transformation was confined to the center grain and cyclic simulations were carried out with an external alternating 
loading of Δσ/2=240 MPa and at different temperatures: 25°C (RT), 55°C, 90°C and 150°C. In Fig. 3b and c the 
martensite area fraction Aα’ and the total irreversible sliding surface ASB, respectively, is illustrated over simulated 
loading cycles Nsim. ASB was calculated as the sum of the integrals over the sliding deformations along the layers of 
all modeled shear bands. Basically, the curves are showing that the simulated martensite area fraction Aα’ in Fig. 3b 
and the irreversible plastic deformation in shear bands – expressed by the sliding surface ASB in Fig. 3c – is growing 
with increasing number of loading cycles. Moreover, Fig 3b indicates that a moderate rise of temperature from RT 
to 55°C yields a reduced martensitic transformation. In case of 90°C and 150°C the model pretends such a strong 
reduction of transformation that in the simulation the martensite phase was no longer generated. Therefore, the 
corresponding curves are missing in Fig. 3b. In view of the modeled shear bands the increase of temperature from 
RT up to 150°C leads to a continuously increase of irreversible plastic slide deformation (s. Fig. 3c). At RT and 
55°C the presence of martensite domains (s. Fig. 3b) caused a blocking of modeled shear bands and therefore the 
plastic deformation was hindered, resulting in a stagnating increase in Fig. 3c.  
Finally, the study presented shows that with increasing temperature the irreversible plastic deformation is 
enhanced and the martensitic transformation with its positive barrier effect is reduced. Since the irreversible plastic 
deformation is accepted as the decisive driving force of fatigue crack initiation (Mughrabi 2009), the rise of 
temperature leads to a more and more critical state regarding material failure. This is consistent with the 
experimentally observed reduction of VHCF strength from Δσ/2≈240 MPa at RT down to Δσ/2≈190 MPa at 150°C. 
The experimental observations revealed that at 150°C after 107 cycles with Δσ/2=190 MPa a remarkable amount 
of global α’-martensite content exists (only about 30% smaller compared to RT with Δσ/2=240 MPa). This is in 
contrast to the results in Fig. 3b. Therefore, it is concluded that the effect of temperature on the deformation-induced 
martensitic transformation during cyclic loading at very low stress amplitudes (VHCF) cannot be described by the 
used kinetic model based on tensile tests (s. section 3). The modeled temperature dependence of plastic deformation 
in shear bands is still obeyed because it is supposed that through the mechanisms of dislocation hardening and slip 
irreversibility during cyclic simulation the influence of fatigue is sufficiently represented. At this point it has to be 
reminded, that the temperature dependence of martensitic transformation in this study is only related to the 
transformation process itself, e. g. depending on stacking fault energy and chemical driving force but independent 
on the amount of upcoming plastic deformation.  
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Next, the morphology of a real 2-D microstructure of AISI 304 was investigated. The scanning electron 
microscopy (SEM) image and the phase map are shown in Fig. 4a and b after 2·107 cycles at RT. The SEM image 
highlights markings of emerging slip bands at the surface after cyclic loading and the phase map indicates sites of 
generated martensite domains during VHCF.  
In the simulation, at this time, the temperature dependence of martensitic transformation was directly adjusted to 
experimental results in terms of the measured martensite area fraction in the phase map. Furthermore, the influence 
of cyclic slip irreversibility, cyclic hardening and the martensitic transformation rate per simulated loading cycle 
were increased in order to satisfy the true cyclic deformation of many experimental cycles within a significantly 
lower number of simulated cycles keeping the computational effort on a reasonable level (for details see Hilgendorff 
et al. 2016). This adaptation allows to represent a loading cycle of about 2·106 in real fatigue tests already after 20 
simulated loading cycles (Fig. 4g indicates the relationship by different scales at the top and at the bottom).  
Figs. 4c-h show the contours of simulated shear stresses τMRSS in most critical slip systems of the modeled 
microstructure after the first and the 10th simulated loading cycles for two different configurations: on the one hand 
the simulation was carried out at RT with an external loading of Δσ/2=240 MPa (Figs. 4c-d, case I) and on the other 
hand at a temperature of 150°C and Δσ/2=190 MPa (Figs. 4e-f, case II). These two configurations reflect the 
conditions at the VHCF strength. Modeled shear bands are emphasized by thin lines which were colored from white 
to black, depending upon the amount of plastic sliding deformation that occurred in the shear band layers. The 
martensitic transformation is recognizable by distinctive shear stress peaks due to transformation-induced volume 
expansion around the generated martensite nuclei. The simulated results show good agreement with experimental 
observations (compare slip systems and sites of martensitic generation in Fig. 4a-b and Fig. 4c-f). This comparison 
is stated out in detail in (Hilgendorff et al. 2016) for temperature-independent simulations.  
The increase of martensite area fraction with simulated loading cycles arises from Fig. 4g for both configurations 
(I and II). As mentioned above, the martensitic transformation at 150°C has been adjusted to experimental 
observations leading to a reduction of 30% compared to RT. In Fig. 4h the irreversible sliding area ASB is illustrated. 
The curves of ASB for both simulations shown in Fig. 4c-d (I) and e-f (II) approximately lie on top of each other. 
This result has to be emphasized, because it suggests the assumption that a common and temperature-independent 
’limit curve’ of accumulated irreversible plastic sliding deformation exists at the VHCF strength. If the irreversible 
plastic deformation is greater, material failure is expected to occur before reaching the VHCF regime. This is 
confirmed by the additionally shown curve of another simulation at 150°C and Δσ/2=240 MPa (III) lying above the 
‘limit curve’. For this case, also in the experiment no VHCF strength could be evidenced. On the other hand, if the 
curve of irreversible plastic deformation stays below the ‘limit curve’, fatigue endurance is expected. This is shown 
by curve IV representing the uncritical simulation at RT and Δσ/2=190 MPa. 
It has to be mentioned, that the modeling and simulation strategy carried out in this work involves some obvious 
simplifications. For instance, the microstructure is represented in the 2-D plane and each shear band is 
approximation by two closely located layers in which plastic deformation occurs. Moreover, the simulated cycles 
are limited due to computational effort. However, in contrast to other approaches such as the atomistic simulation, 
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the approach used in this work allows simulating the cyclic plastic deformation within several grains of a 
microstructure.  
The modeling of temperature dependence in this study must also be seen against the background of certain 
simplifications. It could be argued that mechanisms such as the proposed ‘short range order effect’ or the cyclic slip 
irreversibility are also subjected to a temperature sensitivity due to their reference to the stacking fault energy 
(Risbet & Feaugas 2008). But it should be pointed out that for these influences further assumption would be 
necessary which could hardly be quantified by experimental investigations. Therefore, these further temperature 
dependencies were not explicitly considered in this work, which also contributed to a reduced parameter variation. 
Finally, the simulation of a common ‘limit curve’ in Fig. 4h ensures a plausibility of simulation results. 
 
 
Fig. 4. (a) SEM image and (b) phase map of AISI 304 after Nexp=2·107 cycles at RT and Δσ/2=240 MPa; (c-f) distributions of simulated shear 
stresses τMRSS after the first and 10th simulated loading cycle for two different temperatures with stress amplitudes at the corresponding VHCF 
strengths; (g) martensite area fraction Aα’ and (h) total irreversible sliding surface ASB over simulated loading cycles Nsim. 
6. Conclusions 
In this study a simulation model proposed in Hilgendorff et al. (2016) was extended regarding the influence of a 
moderate temperature increase on the cyclic deformation behavior of a metastable austenitic stainless steel at low 
stress amplitudes in the regime of VHCF strength. By using the boundary element method the model was solved 
within 2-D morphologies of microstructures taking into account individual elastic properties in each grain and 
phase. The localization of plastic deformation in shear bands is considered by approximating a shear band by two 
closely located layers and defining mechanisms for shear band formation and cyclic plastic sliding deformation 
under the influence of slip irreversibility and hardening. The effect of temperature on plastic deformation in shear 
bands was incorporated into the model by adjusting the beginning of shear band formation and plastic sliding 
deformation depending on the yield strength measured in tensile tests as a function of temperature. The deformation-
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induced martensitic phase transformation is determined by simulated plastic sliding deformation and each martensite 
nucleus is directly represented in the modeled microstructure taking into account the transformation-induced volume 
expansion. Following the kinetic model of Olsen & Cohen (1975) the amount of generated martensite is affected by 
temperature-dependent parameters describing the influence of the stacking fault energy and chemical driving force. 
Both parameters were characterized based on investigations applying tensile tests.  
A first simulation study showed that with increasing temperature the accumulated irreversible plastic deformation 
in shear bands is enhanced, while martensitic transformation and its positive effect by obstruction of plastic 
deformation is reduced. Since the irreversible plastic deformation is decisive for crack initiation, the rise of 
temperature shows a negative impact on the fatigue endurance. This confirms the reduction of VHCF strength at 
higher temperatures. However, a comparison to the experimentally measured martensite volume fraction revealed 
that the kinetic model based on tensile tests is not capable to describe the significantly less influence of temperature 
on the martensitic transformation during VHCF loading (notwithstanding the effect of plastic deformation). 
After adjusting the temperature dependence of martensitic transformation directly to experimental measurement, 
it could be recognized that for the cyclic simulations at two different temperatures with stress amplitudes at the 
corresponding VHCF strengths an approximately same increase of accumulated irreversible sliding deformation was 
calculated. This result indicated the same progress of irreversible plastic deformation at the VHCF strengths. The 
calculated curve for the irreversible plastic deformation could be understood as a temperature-independent ‘limit 
curve’ for the failure of the metastable austenitic stainless steel in the VHCF regime.  
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the approach used in this work allows simulating the cyclic plastic deformation within several grains of a 
microstructure.  
The modeling of temperature dependence in this study must also be seen against the background of certain 
simplifications. It could be argued that mechanisms such as the proposed ‘short range order effect’ or the cyclic slip 
irreversibility are also subjected to a temperature sensitivity due to their reference to the stacking fault energy 
(Risbet & Feaugas 2008). But it should be pointed out that for these influences further assumption would be 
necessary which could hardly be quantified by experimental investigations. Therefore, these further temperature 
dependencies were not explicitly considered in this work, which also contributed to a reduced parameter variation. 
Finally, the simulation of a common ‘limit curve’ in Fig. 4h ensures a plausibility of simulation results. 
 
 
Fig. 4. (a) SEM image and (b) phase map of AISI 304 after Nexp=2·107 cycles at RT and Δσ/2=240 MPa; (c-f) distributions of simulated shear 
stresses τMRSS after the first and 10th simulated loading cycle for two different temperatures with stress amplitudes at the corresponding VHCF 
strengths; (g) martensite area fraction Aα’ and (h) total irreversible sliding surface ASB over simulated loading cycles Nsim. 
6. Conclusions 
In this study a simulation model proposed in Hilgendorff et al. (2016) was extended regarding the influence of a 
moderate temperature increase on the cyclic deformation behavior of a metastable austenitic stainless steel at low 
stress amplitudes in the regime of VHCF strength. By using the boundary element method the model was solved 
within 2-D morphologies of microstructures taking into account individual elastic properties in each grain and 
phase. The localization of plastic deformation in shear bands is considered by approximating a shear band by two 
closely located layers and defining mechanisms for shear band formation and cyclic plastic sliding deformation 
under the influence of slip irreversibility and hardening. The effect of temperature on plastic deformation in shear 
bands was incorporated into the model by adjusting the beginning of shear band formation and plastic sliding 
deformation depending on the yield strength measured in tensile tests as a function of temperature. The deformation-
8 Hilgendorff et al./ Structural Integrity Procedia  00 (2016) 000–000 
induced martensitic phase transformation is determined by simulated plastic sliding deformation and each martensite 
nucleus is directly represented in the modeled microstructure taking into account the transformation-induced volume 
expansion. Following the kinetic model of Olsen & Cohen (1975) the amount of generated martensite is affected by 
temperature-dependent parameters describing the influence of the stacking fault energy and chemical driving force. 
Both parameters were characterized based on investigations applying tensile tests.  
A first simulation study showed that with increasing temperature the accumulated irreversible plastic deformation 
in shear bands is enhanced, while martensitic transformation and its positive effect by obstruction of plastic 
deformation is reduced. Since the irreversible plastic deformation is decisive for crack initiation, the rise of 
temperature shows a negative impact on the fatigue endurance. This confirms the reduction of VHCF strength at 
higher temperatures. However, a comparison to the experimentally measured martensite volume fraction revealed 
that the kinetic model based on tensile tests is not capable to describe the significantly less influence of temperature 
on the martensitic transformation during VHCF loading (notwithstanding the effect of plastic deformation). 
After adjusting the temperature dependence of martensitic transformation directly to experimental measurement, 
it could be recognized that for the cyclic simulations at two different temperatures with stress amplitudes at the 
corresponding VHCF strengths an approximately same increase of accumulated irreversible sliding deformation was 
calculated. This result indicated the same progress of irreversible plastic deformation at the VHCF strengths. The 
calculated curve for the irreversible plastic deformation could be understood as a temperature-independent ‘limit 
curve’ for the failure of the metastable austenitic stainless steel in the VHCF regime.  
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